ABSTRACT
INTRODUCTION
Ewing's sarcoma (ES) and peripheral primitive neuroectodermal tumors (PNETs) are small round blue cell tumors of childhood grouped together as the ES family of tumors (ESFT). They are linked by a common chromosomal translocation and similar profiles of proto-oncogene expression and may arise in bone or soft tissue (1, 2) . ES and PNET are currently regarded as variants of the same neuroepithelial-derived tumor and show similar patterns of response to chemotherapeutic agents; hence, they are treated in a uniform manner. High-risk ESFT patients (metastatic disease, tumor volume Ͼ 200 ml, pelvic disease, age Ͼ 10 years) do poorly despite intensive chemotherapy and autologous bone marrow transplant, with long-term event-free survival of Ͻ40% (3).
Retinoids are natural or synthetic derivatives of vitamin A that have been shown to be important modulators of cellular growth and differentiation (4) . Treating high-risk neuroblastoma patients with the differentiating retinoid 13-cis-retinoic acid in minimal residual disease (MRD) after myeloablative therapy supported by purged autologous bone marrow transplant significantly increased event-free survival (5) . These results suggest that a similar MRD-targeted approach may benefit other pediatric solid tumors. The synthetic, p53-independent, cytotoxic retinoid N-(4-hydroxyphenyl) retinamide (4-HPR; fenretinide) has been shown to inhibit carcinogenesis in animal cancer models and is cytotoxic for a variety of different types of tumor cell lines in vitro, including neuroblastoma (4, 6). 4-HPR increased reactive oxygen species (ROS) in some tumor cell lines (6 -9) , and antioxidants inhibited 4-HPR-induced apoptosis in certain cell lines, implicating ROS as one mechanism of action of 4-HPR (7, 9) . 4-HPR-induced cytotoxicity is receptor independent, and partially caspase independent (6, 10) . Clinically, low-dose oral 4-HPR (1-3 M serum levels) has been studied as a chemopreventive agent in breast, bladder, and oral cavity cancers, and it has shown minimal systemic toxicity (11) . Pediatric Phase I trials of oral 4-HPR achieved 7-13 M steady-state plasma levels with minimal hematological toxicity (12, 13) , suggesting that 4-HPR, like 13-cis-retinoic acid, is potentially usable soon after myeloablative therapy.
Ceramides have been implicated in tumor cell death induced by 4-HPR (6, 14 -16) . Ceramides are a class of lipid second messengers involved in the regulation of diverse cellular responses, including cell death. Saturated sphinganine-backboned (or dihydroceramides) and desaturated sphingosine-backboned ceramides are generated sequentially by de novo synthesis. Ceramides can also derive from sphingomyelin breakdown via the activation of various sphingomyelinases by diverse stimuli, such as drugs, ionizing radiation, UV-C radiation, heat shock, oxidative stress, or the activation of cell surface receptors, such as tumor necrosis factor or CD95/Fas/APO-1 (16 -18) . However, it is not clear that all intracellular ceramide species pools are biologically equivalent. Ceramides have been reported to initiate apoptosis under hypoxic conditions in a p53-independent manner via caspase-3 activation and cause the activation of the pro-death c-Jun-NH 2 -terminal kinase/stress-activated protein kinase cascade (19) . Many ceramide species can be metabolized to less toxic forms by glucosylation and acylation via glucosylceramide synthase and 1-O-acylceramide synthase (20 -22) or deacylated by ceramidases to sphingosine (23) , which can be phosphorylated to spingosine-1-phosphate (16) . Cyto-toxicity for a variety of solid tumor and leukemia cell lines (but not for nonmalignant cells) can be synergistically enhanced by combining 4-HPR with L-threo-dihydrosphingosine (safingol) or with inhibitors of glucosylceramide and/or 1-O-acylceramide synthase (14, 15) .
We examined the cytotoxic properties of 4-HPR in human ESFT cell lines and determined the following: (a) whether 4-HPR increased ceramide species or ROS production or decreased mitochondrial membrane potential transition (⌬⌿ m ); (b) the effects of physiological hypoxia (pO 2, approximately 15 mm Hg ϭ 2% oxygen) and the antioxidant N-acetyl-L-cysteine (NAC) on 4-HPR-induced cytotoxicity, ceramides, ROS generation, and ⌬⌿ m ; (c) the role of de novo ceramide synthesis in 4-HPR-induced ceramide species generation; (d) whether putative modulators of ceramide species metabolism or signal transduction, such as safingol, synergized 4-HPR cytotoxicity; and (e) the transcriptional response of an ESFT cell line (SK-N-MC) to 4-HPR in both 20% oxygen (normoxia) and hypoxia, using expression profiling, to identify novel targets to further increase 4-HPR cytotoxicity in hypoxia.
MATERIALS AND METHODS
Cell Culture. The human PNET cell line SK-N-MC (24) was purchased from the American Type Culture Collection (Manassas, VA). The PNET cell line CHP-100 (25) was obtained from Dr. A. Evans, and ES cell lines TC-106, TC-71, TC-32, 5838, 9423, and A4573 were obtained from Dr. Timothy J. Triche (25, 26) . These cell lines were maintained in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (complete medium) at 37°C in a humidified incubator containing 95% room air plus 5% CO 2 atmosphere. Cells were detached without trypsin from culture plates with modified Puck's Solution A plus EDTA (Puck's EDTA), which contains 140 mM NaCl, 5 mM KCl, 5.5 mM glucose, 4 mM NaHCO 3 , 0.8 mM EDTA, 13 M phenol red, and 9 mM HEPES buffer (pH 7.3). The human ESFT cell lines CHLA-9, CHLA-10, CHLA-32, and CHLA-258 were established in our laboratory (C. P. R.). The cell line CHLA-9 was established at diagnosis from a 14-year-old female with a thoracic PNET; CHLA-10 was established from the same patient after four cycles of induction chemotherapy with cisplatin, doxorubicin, cyclophosphamide, and etoposide. The CHLA-32 cell line was established at diagnosis from a 14-year-old male with a high-risk pelvic ES. The PNET cell line CHLA-258 was established from a distant relapse (solitary lung nodule) that occurred after induction and myeloablative chemotherapy (melphalan, carboplatin, and etoposide) in a 12-year-old female with paraspinal PNET. These cell lines were maintained in Iscove's Modified Dulbecco's Medium supplemented with 0.7 mM L-glutamine, insulin, and transferrin (5 g/ml each), selenium (5 ng/ml), and 20% heat-inactivated fetal bovine serum (whole medium). Cell lines were studied during passages 5-20 and cultured at 37°C in a humidified incubator containing 95% room air plus 5% CO 2 atmosphere. For cytotoxicity assays (described below) under 2% oxygen conditions, cells were seeded into 96-well plates and treated as described previously (6) .
Drugs and Reagents. 4-HPR, safingol and melphalan were obtained from the National Cancer Institute (Bethesda, MD). Etoposide was obtained from Bristol-Myers Squibb Co. (Princeton, NJ). NAC, eosin Y, TLC-grade organic solvents, L-cycloserine, and fumonisin B 1 were purchased from Sigma Chemical Co. (St. Louis, MO). The pan-caspase enzyme inhibitor BOC-d-fmk was from Enzyme Systems Products (Livermore, CA). Ecolume scintillation mixture was from ICN Biomedicals (Costa Mesa, CA). [9, H(N)]Palmitic acid (50 Ci/mmol) was from Dupont NEN Research Products (Boston, MA). Iscove's Modified Dulbecco's Medium was from BioWhittaker (Walkersville, MD). RPMI 1640, fetal bovine serum, and L-glutamine were from Gemini BioProducts (Calabasas, CA). ITS Premix culture supplement (insulin, transferrin, and selenious acid) was from Collaborative Biomedical Products (Bedford, MA). Fluorescein diacetate was from the Eastman Kodak Company (Rochester, NY). 5-(and -6)-carboxy-2Ј,7Ј-dichlorofluorescein diacetate (carboxy-DCFDA) and the fluorescent probe JC-1 were from Molecular Probes (Eugene, OR). Stock solutions of fluorescein diacetate (1 mg/ml), carboxy-DCFDA (10 mM), and JC-1 (2 mg/ml) were dissolved in DMSO and stored at Ϫ20°C (fluorescein diacetate and JC-1) or in liquid nitrogen vapor (carboxy-DCFDA).
Cytotoxicity Assay. Cytotoxicity of drugs was determined using the fluorescence-based DIMSCAN assay (14, 15, (27) (28) (29) , 6 which uses digital imaging microscopy to quantify viable cells that selectively accumulate fluorescein diacetate. DIMSCAN is capable of measuring cytotoxicity over a 4 -5-log dynamic range. Briefly, cells were seeded into 96-well plates at 2,500 -10,000 cells/well (lower cell numbers were used for more rapidly proliferating cell lines) in 150 l of complete medium per well. Cells were allowed to attach overnight before the addition of 4-HPR (0, 2, 4, 8, and 12 M final drug concentrations) and/or safingol (4-HPR:safingol molar ratio, 4:1) and/or NAC and/or BOC-d-fmk and/or N-oleoyl-ethanolamine (NOE) in 50-l volumes of whole medium to various final drug concentrations, in replicates of 12 wells per concentration. Plates were assayed at 4 days (or at 7 days for CHLA-258 and CHLA-32) after initiation of drug exposure to allow for maximum cell death and outgrowth of surviving cells. The pan-caspase inhibitor BOC-d-fmk was used to block the apoptotic component of cell death in SK-N-MC cells. Cells were preincubated for 8 h with 40 M BOC-d-fmk (6) before and daily after the addition of 4-HPR (2-8 M) or 4-HPR ϩ safingol (4:1 molar ratio) and assayed by DIMSCAN at ϩ96 h to assess the effect of caspase inhibition on viability. Results were analyzed and expressed as the fraction of treated cells surviving compared with controls using Excel software (Microsoft, Seattle, WA) and graphed using SigmaPlot 6.0 (Jandell Scientific, San Rafael, CA). Limits of detection were determined by the estimated number of cells present in control wells at the time that they were treated with drug, generally targeted at 10 4 cells, giving a detection limit for cytotoxicity of ϳ10
Ϫ4
. The stability of 4-HPR, safingol, L-cycloserine, fumonisin B 1 , NAC, BOC-d-fmk, or NOE for 4 -7 days in the DIMSCAN cytotoxicity assay system is not known. Control cells were treated with vehicle solvents of 0.1% ethanol (4-HPR) and/or 0.2% DMSO (BOC-d-fmk).
Lipid Analysis. Methods were modified from Lavie et al. (30) , as described previously (14, 15) . Briefly, cells were seeded into 6-well plates (5 ϫ 10 5 cells/well in 2 ml of whole medium) and allowed to recover overnight. All drug-treated or control samples were done in triplicate. At zero time, [ 3 H]palmitic acid (1 Ci/ml medium) and drug(s) or ethanol (control) were added. Lipids were extracted from cells (drug-treated and control cells) at ϩ6 h and ϩ24 h, stored at Ϫ20°C, and analyzed by TLC. Changes in ceramide species level are expressed as the mean fold-increase in drug-treated samples as compared with matched controls. The sphinganine N-acyltransferase (dihydroceramide synthase) inhibitor fumonisin B 1 (31) was added 16 h before the addition of other drugs to a final concentration of 90 M. The serine palmitoyltransferase inhibitor L-cycloserine (31) was added 3 h before the addition of other drugs to a final concentration of 1 mM. NAC was added to a concentration of 1 mM 3 h before the addition of 4-HPR. Drugs did not affect [ 3 H]palmitic acid uptake. The TLC system used did not resolve saturated N-acylsphinganines (dihydroceramides) and unsaturated N-acylsphingosines (ceramides). After common usage, N-acylsphinganines and N-acylsphingosines will both be termed "ceramide species" in this article.
Measuring Apoptosis. To quantify the apoptotic cells with sub-G 1 -G 0 DNA content, 2 ϫ 10 6 SK-N-MC cells were cultured in 25-cm 2 flasks with or without 4-HPR (8 M), safingol (2 M), or 4-HPR (8 M) ϩ safingol (2 M) for 6 and 24 h in both normoxia (20% O 2 ) and hypoxia (2% O 2 ). Cells were harvested, washed in PBS, centrifuged, and resuspended in 1 ml of 0.1% sodium citrate containing 0.05 mg/ml propidium iodide for 10 min on ice, and then RNase (50 g) was added for 30 min at room temperature in the dark. DNA content was measured on a Coulter Epics flow cytometer using a 488 nm argon laser and a 610 Ϯ 10 nm band pass filter (32) . Experiments were done in triplicate.
ROS. SK-N-MC cells (2 ϫ 10 6 cells in 5 ml of complete medium per 25-cm 2 flask) were incubated for 6 h with or without 4-HPR (10 M) in 20% O 2 or 2% O 2 . Medium was discarded and replaced with carboxy-DCFDA (50 M) for 20 min at 37°C. Cells were harvested, transferred to foil-wrapped tubes, and analyzed immediately by flow cytometry using a 525 Ϯ 10 nM band pass filter. As a positive control, cells were loaded with carboxy-DCFDA for 20 min as described above, the medium was discarded, and hydrogen peroxide (100 M in medium without fetal bovine serum) was added for 15 min before harvesting for flow cytometry (6) . Experiments were done in triplicate.
Mitochondrial Membrane Potential Transition. The ⌬⌿ m was measured in 1 ϫ 10 6 SK-N-MC cells cultured in 6-well plates at 6 and 24 h after incubation with 4-HPR (10 M) in 20% O 2 and 2% O 2 using JC-1 (10 g/ml for 10 min at 37°C) probe by flow cytometry (33) . JC-1 is a cationic dye that accumulates in the mitochondria, depending on mitochondrial membrane potential. This accumulation is indicated by a fluorescence emission shift from green (525 Ϯ 10 nm) to red (601 Ϯ 10 nm).
Western Blot Analysis. Cells (2 ϫ 10 6 ) cultured in 25-cm 2 flasks were lysed in radioimmunoprecipitation assay buffer (34) , and 40 [for p53, MDM2, caspase 3, bcl-2, bax, and poly(ADP-ribose) polymerase (PARP) protein assays] or 60 g (for p21 protein assay) of total protein were loaded for each lane. Proteins were fractionated on 12-14% Tris-glycine pre-cast gels (Novex, San Diego, CA), transferred to nitrocellulose membrane (Protan, Keene, NH), and hybridized with primary antibodies followed by horseradish peroxidaseconjugated secondary antibodies. The p53 mouse monoclonal antibody (DO-1), p21 rabbit polyclonal antibody (C-19), MDM2 mouse monoclonal antibody (SMP14), bax rabbit polyclonal antibody (P-19), bcl-2 mouse monoclonal antibody (SC-509), caspase-3 rabbit polyclonal antibody (H-277), PARP rabbit polyclonal antibody (H-250), actin goat polyclonal antibody (C-11), and horseradish peroxidase-conjugated secondary antimouse, antigoat, and antirabbit antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Proteins were visualized using ECL Western blotting reagent (Amersham Pharmacia Biotech, Piscataway, NJ). As a control, the induction of p53, p21, and MDM2 proteins (the latter two as indicators of p53 function) was analyzed 16 h after the addition of melphalan (6 g/ml). A cell line was defined to have p53 function if there was a Ͼ1.2-fold induction of p21 and MDM2 protein (34) . Caspase 3, bcl-2, and bax protein levels and PARP protein cleavage were analyzed at 8 -24 h after addition of 4-HPR (10 M), with or without safingol (2.5 M), in SK-N-MC cells. Bands were quantified using densitometry on the Eagle Eye II still video system using Eagle Sight software version 3.22 (Stratagene, Cedar Creek, TX) and normalized to actin (loading control).
Northern Blot Analysis. RNA was extracted using the TRIZOL reagent (Life Technologies, Inc., San Diego, CA) and purified using Qiagen RNAeasy kit (Qiagen, Valencia, CA). For reverse transcription-PCR, 1 g of total RNA/sample was reverse-transcribed to cDNA, using the Superscript reverse transcription-PCR kit (PE Applied Biosystems, Foster City, CA). The human acid ceramidase (AC) cDNA fragment was amplified by PCR (an initial 95°C for 5 min, then 94°C for 1 min, 51°C for 1 min and 72°C for 1 min, 40 cycles), using the following primer pairs: F554, 5Ј-TGATACCTGGGTCATAACT-GAGC-3Ј; and R1079, 5Ј-ATTCTCTTGGCTGGTGCGG -3Ј. Ten g of total RNA were fractionated on a 1% formaldehyde gel, transferred onto a nylon membrane (Hybond N; Amersham Pharmacia Biotech), and probed with 32 P-labeled human AC and ␤-actin cDNA fragments using previously described methods (35) . RNA bands were quantified using densitometry.
Oligonucleotide Array Analysis. Total RNA was extracted from 2 ϫ 10 Statistical Analysis. Cytotoxicity, ROS, apoptosis, and lipid data are presented as means Ϯ 95% confidence interval. The 95% confidence interval was calculated as 1.96/͌n, where ϭ SD of ungrouped data, and n ϭ number of trials. The statistical significance (of differences in means) was evaluated by the unpaired, two-sided Student's t test using Microsoft Excel 97 software (Redmond, WA). Drug-induced cytotoxic synergy was analyzed by the combination index (CI) method of Chou (37, 38) and expressed as the CI at the LC 99 (the drug concentration lethal to 99% of cells). Synergism is defined as a greater than additive effect, and antagonism is defined as a less than additive effect. By this method, CI ϭ 1 indicates an additive effect, CI Ͻ 1 indicates synergy, and CI Ͼ 1 indicates antagonism. Using CalcuSyn software, synergy is further refined as synergism (CI ϭ 0.3-0. Table 1 ). The mean log cell kill of 4-HPR (8 M) in normoxia was 2.4 Ϯ 1.1 but decreased to 1.5 Ϯ 0.9 under hypoxic conditions (P ϭ 0.005; Table 1 ). Representative drug cytotoxicity dose-response curves are shown in Fig. 1A . 4-HPR (10 M) in 20% O 2 increased the apoptotic population (sub-G 0 -G 1 DNA content in SK-N-MC cells) to 68.8 Ϯ 3.4% at ϩ24 h, compared with 10.2 Ϯ 3.1% in controls (P Ͻ 0.001), whereas the apoptotic fraction of 4-HPR-treated cells was reduced to 33.4 Ϯ 3.9% in hypoxic conditions (P Ͻ 0.001). Representative flow cytometry histograms are presented in Fig. 1B .
Western Blot Analysis of p53, p21, and MDM2 Expression. To determine the relationship of 4-HPR cytotoxicity to p53 function in ESFT, the basal and induced protein levels of p53, p21, and MDM2 (the latter two as indices of p53 function) at ϩ16 h after addition of melphalan (6 g/ml; Ref. 34) were analyzed by immunoblotting (data not shown). We determined that p21 and MDM2 expression was inducible (Ն1.2-fold) in seven cell lines (CHLA-9, TC-106, 5838, 9423, CHLA-32, A4573, and CHP-100). A failure to induce p21, and MDM2 (Յ1.2-fold) was observed in five cell lines (CHLA-10, CHLA-258, TC-32, TC-71, and SK-N-MC; Table 1 ).
Effect of Safingol on 4-HPR Cytotoxicity in ESFT Cell Lines. We determined the cytotoxicity of combining 4-HPR with safingol at a 4:1 molar ratio (4-HPR:safingol) in ESFT cell lines. In normoxia, safingol clearly synergized 4-HPR cytotoxicity in 10 of 12 cell lines over at least part of the dose range ( Fig. 2; Table 2 ), whereas results trended toward additivity in two cell lines (TC-71 and 5838). In hypoxia, safingol clearly synergized 4-HPR cytotoxicity in 8 of 12 cell lines over at least part of the dose range ( Fig. 2; Table 2 ), whereas results trended toward additivity in four cell lines (CHLA-9, TC-106, TC-71, and 5838). The combination of 4-HPR ϩ safingol achieved multilog cell killing in ESFT cell lines (Fig. 2) , even in multidrugresistant, p53 nonfunctional cell lines established at relapse after intensive multiagent chemotherapy, such as CHLA-10 and CHLA-258 (39) . The mean log cell kill caused by 4-HPR (8 M) ϩ safingol (2 M) in 20% O 2 was 3.6 Ϯ 0.7, which modestly decreased (P ϭ 0.01) to 3.0 Ϯ 0.8 logs under hypoxic conditions (Table 2) . Thus, 4-HPR ϩ safingol retained multilog cytotoxicity (P Ͻ 0.001) even in 2% oxygen. Additionally, as shown in (Fig. 3B) , with the increase of 4-HPRinduced ceramide species at ϩ24 h reduced in hypoxic conditions compared with 20% O 2 (P Ͻ 0.02). 4-HPR treatment induced an increase in ceramide species at ϩ24 h in two of three additional cell lines [CHP-100, TC-106, and CHLA-258, 2.6 Ϯ 0.6-fold (P ϭ 0.05), 4.1 Ϯ 1.5-fold (P ϭ 0.07), and 0.8 Ϯ 0.4-fold (P ϭ 0.8) increases, respectively, compared with controls; data not shown). Overall, 4-HPR cytotoxicity was associated with an increase in ceramide species at ϩ24 h in five of six cell lines analyzed (SK-N-MC, 5838, TC-71, CHP-100, TC-106, and CHLA-258).
4-HPR Increased Ceramide Species by de Novo Synthesis. To determine the origin of the ceramide species increased by 4-HPR, the effects of two inhibitors of de novo ceramide synthesis were assayed. L-Cycloserine is an inhibitor of serine palmitoyltransferase, the initial and rate-limiting step of de novo ceramide synthesis, whereas fumonisin B 1 is an inhibitor of (dihydro)ceramide synthase (31) . In the SK-N-MC, 5838 (Fig. 3) , and TC-71 cell lines (data not shown), 4-HPR treatment increased (P Ͻ 0.01) ceramide species at ϩ6 and ϩ24 h, whereas both inhibitors reduced or prevented 4-HPR-induced ceramide species increase at ϩ6 and ϩ24 h (P Ͻ 0.01; Fig. 3, CϪF) . 8 at ϩ6 and ϩ24 h, respectively; P Ͻ 0.001). Because cycloserine and fumonisin B 1 were both cytotoxic to these cell lines as single agents, the effect of these ceramide synthesis inhibitors on that portion of 4-HPR cytotoxicity attributable to de novo ceramide synthesis could not be determined; however, these results indicate that the 4-HPR-mediated ceramide species increase was primarily from de novo synthesis. The possibility that a portion of the increase in ceramide species observed was due to either decreased metabolism of ceramides into sphingosine or reduced conversion of ceramides into sphingomyelin or other products was not excluded.
4-HPR-Induced Mitochondrial Membrane Potential Depolarization, bax Increase, and ROS Levels Were Decreased in Hypoxia. We also determined the mitochondrial membrane potential (⌬⌿ m ) by JC-1 staining and flow cytometry in SK-N-MC cells treated with 4-HPR (10 M) at ϩ6 and ϩ24 h in 20% and 2% O 2 (Fig. 4A , representative data from individual experiments are shown). In normoxia, 4-HPR significantly decreased ⌬⌿ m at ϩ6 h (ratio of red to green fluorescence ϭ 0.9 Ϯ 0.1 compared with 3.3 Ϯ 0.3 in controls; P ϭ 0.01; Fig. 4A , ii) and at ϩ24 h (ratio of red to green fluorescence ϭ 0.03 Ϯ 0.01 compared with 2.7 Ϯ 0.2 in controls; P ϭ 0.002; Fig. 4A, v) . However, hypoxia blunted the 4-HPR-induced loss of ⌬⌿ m at both ϩ6 h (ratio of red to green fluorescence ϭ 2.1 Ϯ 0.3; P ϭ 0.02; Fig. 4A , iii) and ϩ24 h (ratio of red to green fluorescence ϭ 0.2 Ϯ 0.05; P ϭ 0.03; Fig. 4A, vi) , compared with normoxia.
4-HPR is known to generate ROS in certain tumor cell types (6 -9). We analyzed the effects of hypoxia and the thiol antioxidant NAC on 4-HPR-induced ROS levels and the effects of NAC on 4-HPR- mediated ceramide species generation and cytotoxicity (Fig. 4B ). 4-HPR caused an increase in ROS (flow cytometry mean fluorescence in arbitrary units) compared with controls (383.6 Ϯ 3.8 versus 294 Ϯ 21; P ϭ 0.03) in SK-N-MC cells at ϩ6 h (Fig. 4B, ii) . However, both NAC (327.5 Ϯ 8.5; P ϭ 0.01; Fig. 4B , iii) and hypoxia (368 Ϯ 5; P ϭ 0.04; Fig. 4B, iv) blunted the ROS increase compared with normoxic conditions. Interestingly, 4-HPR-induced ceramide species were not decreased (P ϭ 0.2) in the presence of NAC (Fig.  4C) , suggesting that ceramide species increase was independent of ROS increase. Additionally, cycloserine (1 mM) did not prevent 4-HPR-generated ROS (data not shown) at ϩ6 h but did prevent an increase of ceramide species (Fig. 3, D and F) . Together, these data suggest that increases of ROS and ceramide species are independent effects in EFST cell lines. The cytotoxicity of 4-HPR was decreased somewhat by NAC (molar ratio of 4-HPR to NAC, 1:40) at 4-HPR concentrations of Ն10 M (P ϭ 0.01), but multilog cytotoxicity was retained in the presence of NAC (Fig. 4D) , suggesting that ROS was not responsible for the majority of the 4-HPR cytotoxicity observed.
There are conflicting reports of the caspase dependence of 4-HPR cytotoxicity (6, 40) . We determined whether 4-HPR and 4-HPR ϩ safingol cytotoxicity was caspase dependent in SK-N-MC cells. In SK-N-MC cells, daily addition of the pan-caspase inhibitor BOC-d-fmk to 4-HPR-treated cells only minimally decreased the cytotoxicity of 4-HPR (survival fraction increased from ϳ1% to ϳ15%) and 4-HPR ϩ safingol (survival fraction increased from Ͻ0.1% to ϳ1%; Fig. 5A ). These data suggest that the mode of cell death induced by 4-HPR and 4-HPR ϩ safingol is mainly caspase independent in SK-N-MC cells.
We also determined the effect of hypoxia on 4-HPR-induced protein levels of activated caspase-3, bax, bcl-2, and PARP protein cleavage (10, 40, 41) . SK-N-MC cells exposed to 4-HPR at ϩ24 h evidenced caspase-3 activation (data not shown), an increase of bax protein (Fig. 5B, 6 -fold increase in normoxia, normalized to actin, middle panel), and cleavage of PARP protein (Fig. 5B, bottom panel) . Under hypoxic conditions, bax protein level only increased 3-fold (Fig. 5B, middle panel, Lane 4 ). Bcl-2 protein level was not changed by treatment in normoxia or hypoxia (Fig. 5B, top panel) . 4-HPR (10 M) ϩ safingol (2.5 M) also increased bax protein, PARP cleavage (Fig. 5B) , and caspase-3 activation (data not shown) at ϩ24 h. Increase of bax protein (2.5-fold and 5.9-fold) in normoxia (N) was Tables 1 and 2. reduced in hypoxia (H; 1.9-fold and 2.9-fold) at ϩ8 and ϩ24 h, respectively (ϩ8 h data not shown).
Transcriptional Response to Hypoxia. Having observed that hypoxia decreased 4-HPR cytotoxicity in SK-N-MC cells, we sought a mechanism that may be associated with hypoxia-induced decrease of 4-HPR cytotoxicity in this cell line. Using oligonucleotide microarrays (Affymetrix), the gene expression profiles of SK-N-MC cells at ϩ24 h in both normoxia and hypoxia, with and without 4-HPR treatment, were determined. Of the 12,600 genes examined, ϳ400 genes were either induced or down-regulated Ͼ2-fold compared with controls (data not shown). Among these, RNA expression of the AC gene was increased 2.1-fold in cells treated for 24 h with 4-HPR in hypoxia, as compared with normoxia. Northern blot analysis (Fig. 6B) validated this finding.
Effect of NOE on 4-HPR Cytotoxicity and Ceramide Species in SK-N-MC Cells.
Having determined that hypoxia induced an increase in AC RNA levels, which potentially explained the decreased levels of 4-HPR-induced ceramide species and cytotoxicity observed, we determined the effect on cytotoxicity of combining 4-HPR with the AC inhibitor NOE (42, 43) (Fig. 6C) . To determine whether NOE enhanced the 4-HPR-induced increase of Gray bars represent ethanol ϩ fumonisin B 1 (controls) or 4-HPR ϩ fumonisin B 1 . L-Cycloserine is an inhibitor of serine palmitoyltransferase, the rate-limiting enzyme of de novo ceramide synthesis. Fumonisin B is an inhibitor of (dihydro)ceramide synthase. Both L-cycloserine and fumonisin B 1 substantially prevented increase of labeled ceramide species by 4-HPR (P Ͻ 0.01) in both cell lines at ϩ6 h and ϩ24 h, indicating that 4-HPR increased ceramide species by de novo synthesis (note that ceramide species includes dihydroceramides; see "Materials and Methods").
ceramide species in SK-N-MC cells, lipid extracts were analyzed from SK-N-MC cells treated with 4-HPR (10 M), with and without NOE (30 M), in 20% O 2 . 4-HPR ϩ NOE increased ceramide species [up to 4-fold at ϩ6 h (P ϭ 0.04) and up to 13-fold at ϩ24 h (P ϭ 0.1); Fig. 6D ], compared with 4-HPR alone (2-fold and 6-fold increases, respectively). Together, these data suggest that hypoxic induction of AC activity may decrease a portion of 4-HPR cytotoxicity that is dependent on increased ceramide species.
DISCUSSION
The mainstay of chemotherapy for ESFT is currently vincristine, cyclophosphamide, and doxorubicin, alternating with ifosfamide and etoposide (44) . With these drugs and adequate local control of the primary tumor, many patients with localized ESFT (excepting those with pelvic primary tumors) can be cured. However, for patients with high-risk ESFT (which includes pelvic primary sites and metastatic disease at diagnosis), the prognosis is much worse, especially for tumors with spread to bone or bone marrow (3, 45) . Attempts to improve outcome for high-risk ESFT using intensive induction therapy followed by myeloablative chemotherapy with stem cell rescue have achieved responses, but improvement in overall survival has been disappointing due to recurrent disease, especially in patients with bone and/or bone marrow metastases at diagnosis (3, (45) (46) (47) (48) .
One possible approach to improve therapy for metastatic ESFT could be to use intensive (myeloablative) chemoradiotherapy to maximally reduce tumor burden to a state of MRD and follow this with a maintenance therapy using drugs with modest systemic toxicity (especially to normal bone marrow). Ideally, such a maintenance therapy would have a biochemical mode of action that is different from that of the induction treatment to minimize the chances of cross-resistance. This approach was successfully used in treatment of high-risk neuroblastoma, in which a differentiating agent, 13-cis-retinoic acid, was used after myeloablative therapy (5). Unfortunately, unlike neuroblastoma (49), ESFT cell lines are not responsive to retinoic acid (50) , and alternative agents must be identified.
The retinoid 4-HPR has cytotoxic antitumor activity against a variety of different solid tumor cell lines in vitro (4). The major clinical toxicity of low-dose (1-3 M) oral 4-HPR in adults is decreased night vision (51) . In two recent pediatric oral 4-HPR Phase I trials, the average peak plasma concentration achieved was ϳ8 -10 M at the maximal tolerated dose of 2475 mg/m 2 /day, divided into two or more doses a day (BID-TID; Ref. 12) , and ϳ13 M at the maximal practical dose of 4000 mg/m 2 /day, given once daily, for 28 of 35 days, respectively (13), using a capsule formulation. Side effects included occasional hepatotoxicity and infrequent, non-dose-related pseudotumor cerebri, with no significant hematopoietic toxicity observed (12) . The lack of hematopoietic toxicity makes 4-HPR an attractive agent to study in patients after myeloablative therapy or in multiply relapsed patients with decreased marrow function. We show here that 4-HPR has activity against ESFT cell lines in vitro, making it a candidate drug for treating ESFT in MRD. As we have observed previously in neuroblastoma (6, 14) and leukemia (15) cell lines, we have determined that 4-HPR increased ceramide species in ESFT cells in vitro by de novo synthesis. Our findings, together with evidence from other tumor types (14, (52) (53) (54) , support a role for ceramide species in 4-HPR-induced tumor cell death.
Tumors are commonly hypoxic, and hypoxia has been shown to cause an up-regulation of prosurvival genes in cancer cells, confer a survival advantage to cancer cells, and antagonize common chemotherapeutic agents (55) (56) (57) (58) . Because we have shown previously that 4-HPR cytotoxicity for neuroblastoma cell lines is decreased by physiological hypoxia (6), we tested the effect of hypoxia on 4-HPR activity against ESFT cell lines. We chose an O 2 level of 2% for these studies because this is below the oxygen tension found in bone marrow (ϳ4 -5% O 2 equivalent tension), a site of metastatic ESFT disease. Additionally, 2% O 2 is representative of hypoxia found in solid tumor tissue (6, 56) and is in the range for hypoxia-increased activity of transcription factor hypoxia-inducible factor-1. Whereas the effect of hypoxia on 4-HPR cytotoxicity was variable in ESFT cell lines, overall, there was a decrease in 4-HPR cytotoxicity in 2% O 2 associated with a decrease in 4-HPR-induced ROS, ⌬ m loss, bax protein level, and ceramide species level, compared with 20% oxygen. These results suggest that 4-HPR delivered as a single agent may be more likely to demonstrate activity against ESFT disease in MRD settings in which oxygen tensions would be expected to be higher than in mass disease states.
Intracellular redox potential can play a significant role in commitment to apoptosis (59, 60) . Our observations that, in hypoxia, 4-HPR caused a smaller change in ⌬⌿ m , a lower level of ROS, and less increase of bax might partly explain the intermediate and downstream mechanisms of decreased 4-HPR cytotoxicity in hypoxia. Our data also indicate that the effect of hypoxia on 4-HPR-induced ceramide species in ESFT cells is independent of ROS because the thiol antioxidant NAC decreased the level of ROS (but not of ceramide species) induced by 4-HPR and only modestly decreased 4-HPRinduced cytotoxicity.
Seeking upstream mechanisms for hypoxia-induced reduction of ceramide species increase and 4-HPR cytotoxicity, we characterized the transcriptional response of SK-N-MC cells to hypoxia, with and without 4-HPR treatment, using oligonucleotide arrays. Among the ϳ400 genes (data not shown) with Ͼ2-fold changes of expression in hypoxia, we identified and validated the up-regulation of the AC gene. We demonstrated that 4-HPR cytotoxicity and 4-HPR-induced ceramide species increase were significantly enhanced by an AC inhibitor (NOE), even in hypoxia. Our results suggest that the decrease in cytotoxicity of 4-HPR in hypoxia in SK-N-MC cells may be partly due to up-regulation of AC and that characterizing other genes induced in hypoxia may provide additional potential targets for drugs to synergize 4-HPR cytotoxicity.
We have shown previously that safingol synergistically enhanced 4-HPR activity against cell lines from a variety of cancer cell types at drug levels minimally toxic to fibroblasts and marrow progenitors and that 4-HPR ϩ safingol cytotoxicity is largely retained in hypoxia in neuroblastoma cell lines (14) . Here we show that combining 4-HPR with safingol in a panel of ESFT cell lines caused a multilog, synergistic tumor cell kill, even in hypoxia, at levels of 4-HPR ϩ safingol that are minimally toxic to hematopoietic progenitor cells (14) . Moreover, the combination of 4-HPR and safingol was also highly effective against ESFT cell lines established at relapse that have nonfunctional p53. Clinically, safingol (at 120 mg/m 2 ) has been given as a 1-h infusion and achieved ϳ3 M plasma levels without toxicity (61) . These results suggest that the combination of 4-HPR ϩ safingol may be tolerable clinically and demonstrate greater activity against ESFT disease in both MRD and mass disease than 4-HPR alone. Intravenous and improved oral formulations of 4-HPR and of i.v. safingol, to allow combination therapy, are currently under development with the support of National Cancer Institute Rapid Access to Intervention Development grants (to C. P. R. and B. J. M.).
The mechanism by which 4-HPR ϩ safingol achieved such a striking and selective syngergistic cytotoxicity for tumor cells is not yet known, although we have reported that 4-HPR is not cytotoxic to and does not increase ceramide species in various nonmalignant cells (14, 15) . Safingol has been reported to inhibit protein kinase C activity through inhibition of the phorbol regulatory subunit (62) and to inhibit sphingosine kinase activity (63, 64) . Both these mechanisms could facilitate ceramide species-induced cytotoxicity. The significance of the latter inhibitory activity is not clear because it has mainly been assayed in platelets or cell extracts or using short-term (minutes) drug exposures (65) (66) (67) (68) (69) . Furthermore, D,L-threo-dihydrosphinganine has been reported to be a substrate for human sphingosine kinase type 2 (70) . Also, because protein kinase Cs may stimulate sphingosine kinase activity, distinguishing the primary effect(s) of threo-dihydrosphingosines in intact cells (primary sphingosine kinase inhibition versus secondary inhibition via protein kinase C inhibition) may be difficult (71, 72) . Safingol, as a single agent in high doses (10 M) induced apoptosis in a partially caspase-dependent manner (73) . Our data suggest that the cytoxicity of 4-HPR and 4-HPR ϩ safingol is only minimally dependent on caspase induction in EFST cell lines in vitro, although the possibility that the pan-caspase inhibitor used was not stable throughout the course of the cytoxicity assay cannot be excluded.
It is not clear whether safingol acts as a prodrug in whole cells. We and others have demonstrated that safingol is metabolized into Lthreo-dihydroceramide and/or L-threo-ceramide variants, both in vitro (14, 74 -77) and in vivo (78) , with some disagreement between the data, perhaps due to species or cell line type variation. L-threodihydroceramide and/or L-threo-ceramide was incorporated into dihydrosphingomyelin or sphingomyelin but not readily glucosylated, thus demonstrating stereo-specific metabolic restrictions (14, 74, 75, 78) . Because we and others have demonstrated that high levels of one or both of these L-threo sphingolipids accumulate even at low, nontoxic safingol concentrations in vitro (14) , it is possible that L-threo sphingolipids may synergize the cytotoxicity of native de novo-generated ceramide species, including dihydroceramides (79, 80) , by specific interference with their catabolism or may interfere with the ability of native ceramide species to activate atypical protein kinase Cs. Alternatively, these L-threo sphingolipids may represent cytotoxically inert metabolic products of safingol. If the latter is the case, then we speculate that safingol may be most effectively delivered clinically as a continuous infusion, rather than by bolus infusion, to maintain effective intracellular concentrations of the parent drug.
To further define the molecular mechanisms involved in the inhibition of 4-HPR cytotoxicity and the associated reduction of ceramide species increase that occurs in ESFT under hypoxic conditions, we conducted gene expression analysis of the SK-N-MC cell line treated with 4-HPR in normoxic and hypoxic conditions. We observed an up-regulation of AC RNA levels (81) in hypoxia. The metabolic pathway for ceramides includes deacylation by alkaline, neutral, and AC (43, 82) to generate sphingosine, which can be phosphorylated by sphingosine kinase to form sphingosine-1-phosphate, a prosurvival molecule (83) (84) (85) (86) . Because ceramide degradation is the primary metabolic source of intracellular sphingosine, AC activity may be a determining step regulating intracellular levels of sphingosine, and subsequently sphingosine-1-phosphate, thereby playing an important role in cell survival (23) . Although the intracellular access of AC activity to de novo ceramide species remains to be demonstrated, pharmacological inhibition of AC with NOE (43) at a 1:3 molar ratio (4-HPR:NOE) significantly increased levels of ceramide species and enhanced 4-HPR cytotoxicity. Whereas these results are suggestive, confirmation of AC involvement in hypoxia-related decrease in 4-HPR-induced cytotoxicity will require specific AC gene disruption studies.
In summary, 4-HPR is active against multiple ESFT cell lines in 20% O 2 , but single-agent 4-HPR cytotoxicity and the associated increase of ceramide species are diminished by tumor-level hypoxia. The cytotoxicity of 4-HPR was synergistically enhanced by safingol in 20% O 2 and retained substantial activity in tumor-level hypoxia. These data support conducting further preclinical studies in ESFT, in support of clinical trials of 4-HPR, either as a single agent in the MRD setting (i.e., in lesser degrees of hypoxia) or in combination with other agents (such as safingol) that may increase the cytotoxic properties of ceramide species (14) .
